The circulatory, renal, and hormonal responses to physiological elevation of plasma insulin induced with oral glucose have been studied in seven healthy subjects. Glomerular filtration rate, urinary excretion rates of albumin and fl2-microglobulin, haematocrit, pulse rate, blood pressure and plasma catecholamine concentrations have been measured. Physiological hyperinsulinaemia following glucose ingestion was associated with an increase in noradrenaline levels and brieftachycardia. No effect was noted on haematocrit, creatinine clearance, urinary albumin excretion, plasma adrenaline concentrations and arterial blood pressure. Urinary/32-microglobulin excretion rates fell shortly after the elevation of plasma insulin, probably indicating enhanced tubular reabsorption. Thus, glucose-induced physiological hyperinsulinaemia does not reduce glomerular filtration rate nor does it increase transglomerular passage of albumin, effects seen after the intravenous bolus injection of 6-8 U of insulin in diabetics.
Summary.
The circulatory, renal, and hormonal responses to physiological elevation of plasma insulin induced with oral glucose have been studied in seven healthy subjects. Glomerular filtration rate, urinary excretion rates of albumin and fl2-microglobulin, haematocrit, pulse rate, blood pressure and plasma catecholamine concentrations have been measured. Physiological hyperinsulinaemia following glucose ingestion was associated with an increase in noradrenaline levels and brieftachycardia. No effect was noted on haematocrit, creatinine clearance, urinary albumin excretion, plasma adrenaline concentrations and arterial blood pressure. Urinary/32-microglobulin excretion rates fell shortly after the elevation of plasma insulin, probably indicating enhanced tubular reabsorption. Thus, glucose-induced physiological hyperinsulinaemia does not reduce glomerular filtration rate nor does it increase transglomerular passage of albumin, effects seen after the intravenous bolus injection of 6-8 U of insulin in diabetics.
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Injected doses of insulin may markedly affect the kidney and the cardiovascular system. However, such injections are usually followed by grossly supraphysiological concentrations of the hormone in the blood. In diabetics an intravenous injection of 6-8 U of insulin is associated with prompt decreases in forearm blood flow, renal plasma flow and glomerular filtration rate (GFR) [1, 2] and with increases in plasma noradrenaline levels [1, 3] and pulse rate [4] . After intravenous insulin administration the plasma volume falls and the general transcapillary, as well as the transglomerular, passage of albumin increases [1, 2, 5] , though this is not found by all [6, 7] . Such an effect of insulin or of the associated fall in blood glucose on renal haemodynamics and transglomerular passage of albumin are of potential importance for these processes might play an injurious role [8, 9] . However, the vascular and renal changes so far reported have followed gross, transient hyperinsulinaemia induced by the intravenous injection of insulin; it is of importance to establish whether similar responses are provoked by smaller elevations of plasma insulin concentration [10] [11] [12] . We report here upon renal, sympathetic neural and cardiovascular responses to physiological hyperinsulinaemia induced by glucose ingestion in normal man.
Subjects and Methods
Consent to participate in the study was obtained from seven healthy men aged 22-37 years. They were all normotensive and all but one, who exceeded it by 18%, were within 10% of ideal body weight (Statistical Bulletin Metropolitan Life Insurance Company 40: November-December 1959). Before the study, carbohydrate and sodium intakes were unrestricted. At 08.00 h, after an overnight fast, a 17 G teflon cannula (Venflon, Vigo) was inserted into an antecubital vein and maintained patent with isotonic saline. Subjects remained seated throughout the study except to pass urine. Every 15-20 min until the end of the experiment the subjects drank 200-250 ml of tap water. The experiment began when a steady state of water diuresis was achieved (normally after 2 h). Three consecutive 30 min baseline urine specimens were collected, then each subject drank a solution containing 50 g of glucose dissolved in 250 ml water on one occasion and 250 ml saline on another, the tests being performed in random order. Urine was collected every 30 min for the next 150 rain. Venous blood samples were taken at the midpoint of urine collection, i. e. every 30 min except for the first 60 min after the load, when sampling was every 15 min. Withdrawn blood was replaced by equivalent volumes of normal saline. Pulse rate and arterial blood pressure were recorded by the same observer at 5 and 15 min intervals, respectively.
The following were measured: plasma glucose (glucose oxidase method, Analox GM5), urine glucose (Clinistix strips, Ames), plasma insulin [13] , plasma adrenaline and noradrenaline [l 4], plasma and urine creatinine by autoanalyzer (Technicon, method No. SE4-0011 FH4), urine albumin and/~2-microglobulin concentra-0012-186X/81/0021/0436/$01.00 Table 1 . Urine flow in seven healthy subjects in a steady state of water diuresis before and after an oral load of glucose (50 g in 250 ml water) or of normal saline (250 ml 0.9% NaCI). Glucose and saline were given at 0 time Results are expressed as mean + SEM tions by radioimmunoassay [15, 16] . Haematocrit was measured in duplicate with a microhaematocft centrifuge. Preliminary studies in our laboratory showed that the coefficient of variation of 20 measurements of the same sample was 0.5%, i. e. a 1% change in haematocrit value could be accepted as real with 95% confidence. Urinary excretion rates were calculated from the product of concentration and timed urine volume.
Statistical Methods
Albumin, /?2-microglobulin and noradrenaline concentrations showed a positive skewed distribution which were normalised by conversion to lOgl0 values. Observations from the three 30 min baseline periods were stable in each subject, so only -30 and 0 points are represented in figures. The paired Student's t test was used for assessing the statistical significance of differences. Data are shown as mean + SEM.
Results
Urine flow was high and stable throughout the studies (Table l) . Clinistix was negative in all specimens.
Plasma Glucose and Insulin Concentrations
Glucose 
Plasma Catecholamines
Plasma noradrenaline concentrations increased significantly 15 min after the administration of glucose and remained above baseline level until 90 min ( Fig. 1  upper panel) . In five subjects plasma noradrenaline levels started to decline at 120 min. The two other subjects, who exerienced a sharp fall of plasma glucose below baseline following the glycaemic peak (to nadir values of 2.8 and 3.0 mmol/l respectively), showed a late secondary rise in noradrenaline concentrations to 2232 and 858 pg/1, respectively. This heterogeneity of response is reflected by high mean values accompanied by large standard errors in pooled estimates, which rendered the differences from baseline nonsignificant. No change occurred in noradrenaline concentration after saline ( Fig. 1 middle panel) , and in adrenaline after either oral load ( Fig. 1 lower  panel) . However, the two subjects with "rebound hypoglycaemia" also showed a late rise of plasma adrenaline to 90 and 97 pg/l, elevating the group mean at 120 and 150 rain.
Renal Function Changes and Haematrocrit
Creatinine clearance was unaffected by either oral glucose or saline. Urinary albumin excretion rates also remained stable after both, whereas urinary &-microglobulin excretion rates decreased significantly 30 min after glucose, returning towards basal level thereafter. The haematocrit did not change significantly in either set of experiments (Fig. 2) .
Pulse Rate and Blood Pressure
Pulse rate increased significantly above a baseline of 64.8 + 3.2 to 67.8 _+ 3.2 beats/min at 20 min (p < 0.02) and 68.6 _+ 3.4 at 25 min (p < 0.05) afterglucose, and declined to baseline values by 40-45 min. No changes were seen after saline. Arterial blood pressure was unchanged by either glucose or saline.
Discussion
Most of the renal circulatory and cardiac effects ascribed to insulin have been inferred from studies in diabetics [1, 2, 4] in whom grossly supraphysiological plasma concentrations were induced. Changes in GFR and renal plasma flow appear to be attributable to the accompanying blood glucose responses [17] . We found no change in creatinine clearance in response to glucose-induced physiological hyperinsulinaemia, and physiological hyperinsulinaemia induced by infusion of insulin at constant, 'clamped' glycaemia provoked no alteration of GFR or renal plasma flow [18, 19] . We were unable to demonstrate a change in haematocrit and others have failed to show significant decrease in plasma volume in diabetics after 6-10 U of insulin intravenously [6] .
The urinary albumin excretion rate was unaffected by plasma insulin concentrations of the order of approximately 70 mU/1. In keeping with this finding, Parving et al. [6] and more recently Christiansen et al. [19] failed to demonstrate an effect of insulin on the transcapillary and transglomerular passage of albumin in diabetic patients; moreover, Berglund et al. [20] showed a reduction of capillary permeability in healthy subjects with high insulin response to a glucose load. However, our results are at variance with those of Heged~s et al. [21] who found an increase in urinary albumin excretion rates in normal subjects in response to an oral glucose load. They found that urine flow increased significantly after a glucose load; it is possible that the increased excretion of albumin in these studies was due to a wash-out effect [22] . Urinary /~2-microglobulin excretion fell for 30 min after the glucose load, suggesting a transient enhancement of its tubular reabsorption. During that period, therefore, an increased transglomerular passage of albumin might have been masked by an augmented reabsorption of the protein by the proximal tubule. However when/~2-microglobulin excretion, an index of tubular reabsorptive capacity, returned to basal there was no hint of increased albumin excretion, and therefore of increased filtration of albumin.
The consistent rise in plasma noradrenaline early during glucose absorption is in agreement with a recent report by Welle et al. [23] . Thus, either the ingested glucose or the ensuing rise in insulin levels, more (CrC1), albumin excretion rates (Alb. Ex. Rate) and ~-microglobulin excretion rates (flz-m. Ex. Rate) in seven healthy subjects before and after an oral load of glucose (OGTT) or normal saline./~2-microglobulin excretion rates were lower in the 30 min period after the glucose load ('~ = p < 0.005) and returned to baseline values thereafter, e-----e = glucose; 9 ..... 9 = saline likely the latter [24] , increase sympathetic nervous activity and do so independently of plasma volume changes. This increased noradrenaline concentration did not alter GFR or the transglomerular passage of albumin. However infusion of noradrenaline can produce renal circulatory changes and proteinuria in man [25] , but at plasma levels of the hormone probably much higher than those recorded in our studies. Whether the renal changes observed after an intravenous bolus injection of 7-8 U of insulin are mediated, as suggested by Mogensen et al. [2] , by a greater release of noradrenaline remains to be established.
The rise in pulse rate in normal subjects after glucose ingestion started after noradrenaline rose and returned to basal before it fell. Pulse rate acceleration after insulin may be independent of increased sympathetic nervous activity [26] .
Physiological hyperinsulinaemia induced with a glucose load is necessarily accompanied by hyperglycaemia. That insulin itself may be responsible for the rise in noradrenaline concentrations and fall in {/2-microglobulin excretion is indicated by studies in diabetics [19] and in normal subjects [24] , in which blood glucose was maintained constant while insulin was raised to physiological levels of hyperinsulinaemia.
Glucagon and growth hormone have effects on renal haemodynamics which oppose those of insulin [27, 28] . A coincident increase in their concentration might mask some of the effects of hyperinsulinaemia. However, under our experimental conditions the secretion of both hormones is likely to be suppressed [18, 29] .
In conclusion, glucose induced physiological hyperinsulinaemia in healthy subjects with supposedly normal microvasculature is associated with stimulation of sympathetic nervous activity, a short-lasting reduction of urinary/~2-microglobulin excretion and pulse rate acceleration. It has no effect on plasma volume, GFR and transglomerular passage of albumin.
These data suggest that at least some of the effects of insulin (i. e. changes of the vascular permeability to albumin) on the microvasculature and renal function, in non-diabetics and diabetics alike [19] , may be concentration dependent.
